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A method for lowering the processing temperature of PbZr 1Ϫx Ti x O 3 ͑PZT͒ films was developed utilizing a laser-assisted two-step process. In the first step, perovskite phase was initiated in the PZT films to a furnace anneal at low temperatures in the range of 470-550°C, depending on the Zr/Ti ratio. Later, the films were laser annealed ͑using KrF excimer laser͒ at room temperature to grow the perovskite phase, and to improve microstructure and ferroelectric properties. It was found that this two-step process was very effective in producing excellent quality ferroelectric PZT films at low temperatures. It should be noted that although laser annealing of amorphous and/or pyrochlore films directly ͑one-step process͒ produced perovskite phase, the ferroelectric properties of these films, irrespective of the composition, were rather unattractive. Some possible reasons for the ineffectiveness of the one-step process were discussed. © 1998 American Institute of Physics.
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Perovskite thin films such as PbZr 1Ϫx Ti x O 3 ͑PZT͒ have a wide range applications due to their ferroelectric, pyroelectric, electro-optic, and piezoelectric properties. [1] [2] [3] Their multifacted properties along with the possibility of integrating these films with standard complementary metal-oxidesemiconductor ͑CMOS͒ devices have ignited considerable interest for producing integrated devices such as nonvolatile memories and high efficiency infrared sensors. However, the production of CMOS devices such as integrated pyroelectric infrared detectors places significant constraints on the ferroelectric film fabrication process. Currently, temperatures of about 650°C are required to obtain good quality PZT films whereas, processing temperatures in the range of 450-550°C will significantly increase the yields as well as improve the performance and reliability of these integrated devices. Although the process temperatures are high, use of rapid thermal processing ͑RTA͒ techniques have been proposed for reducing the total thermal budget for depositing ferroelectric films. In contrast, here we will report a novel laser-assisted technique for lowering the process temperature to less than 550°C.
Although, laser-assisted crystallization of amorphous Si is well known, 4,5 its application to ferroelectric films is very recent. [6] [7] [8] These recent reports indicated that amorphous PZT films can be crystallized at room temperatures using excimer lasers. However, no ferroelectric properties have been reported for these laser crystallized films. Since laser annealing is very attractive in terms of low substrate temperature, selective annealing area, and short duration time, we have investigated film properties as a function of laser annealing conditions for developing a low temperature ferroelectric film fabrication process.
In this study, PZT films were prepared by modified solgel technique. 9, 10 Precursors were Zr n propoxide, Ti isopropoxide and Pb acetate, and the solvents were acetic acid and propanol. PZT films with thickness of 170 nm were deposited on Pt/Ti/SiO 2 /Si substrates. The laser annealing was performed with the use of a KrF excimer laser ͑wavelength of 248 nm͒. The pulse width and repetition frequency of the laser beam were 30 ns and 20 Hz, respectively. During the laser annealing, the sample was under ambient conditions.
For electrical measurements, Pt top electrodes with area of 3.8ϫ10
Ϫ4 cm 2 were deposited on the films by sputtering. The films were characterized for thickness by variable angle spectroscopic ellipsometry, for phase formation by x-ray diffraction ͑XRD͒, for microstructure by atomic force microscopy ͑AFM͒, and for ferroelectric properties by standardized RT66A tester and operation in a Virtual-Ground mode.
In the first part of our experiments, amorphous and/or pyrochlore PZT thin films were directly laser annealed ͑one-step process͒ to convert them into ferroelectric perovskite phase. Laser energy density were varied from 50 to 200 mJ/cm 2 per pulse, and the number of pulses were varied from 10 to 1000. The laser annealed films showed weak perovskite peaks. Figure 1 shows a XRD pattern of the laser annealed film at an energy density of 80 mJ/cm 2 Refs. 6 and 7. No hysteresis loops were obtained from these films. It was found that the film surface became rougher when either higher energy densities or a larger number of pulses were used. For example, five pulses with an energy density at 150 mJ/cm 2 made the PZT film very rough. This indicates that PZT is being ablated during this process.
We also found that the absorption edge of PZT is about 350 nm and there is a strong absorption at the KrF laser wavelength of 248 nm. This indicates that most irradiation energy is absorbed on the top surface of the film, which facilitates top surface ablation, and limits the crystallization depth of the film. We feel that the weak perovskite peaks in the XRD pattern of the directly laser annealed films were due to the contribution of the top layer of PZT film. It is known that the PZT perovskite formation from amorphous and/or pyrochlore phase is nucleation dominated. The activation energy of nucleation is about four times the activation energy of growth of the perovskite. 11 In other words, the grain growth of the perovskite phase is much easier than direct transformation of perovskite from amorphous and/or pyrochlore phase.
Therefore, we can conclude that obtaining ferroelectric properties by directly laser annealing of amorphous and/or pyrochlore films is difficult. This may be attributable to: ͑1͒ very low energy threshold of ablation of PZT, 12 ͑2͒ very thin absorption depth at 248 nm wavelength, and ͑3͒ high energy required for the nucleation of the perovskite phase. 11 Since the nucleation of the perovskite phase may be difficult by laser annealing below the ablation energy threshold, we proceeded to nucleate perovskite phase by thermal processing and grow the perovskite grains by laser annealing ͑two-step process͒. The as-coated sol-gel PZT films with Zr/Ti ratios of 53/47, 40/60, 30/70, and 20/80 were furnace annealed at temperatures of 550, 525, 500, and 475°C, respectively. The furnace annealed films showed similar XRD pattern with strongly perovskite ͑111͒ preferred orientation without pyrochlore peaks. Figure 2͑a͒ shows a typical XRD pattern of PZT ͑30/70͒ after furnace annealing at 500°C for 1 h in oxygen atmosphere. Later, the furnace annealed films were subjected to laser annealing with 70 mJ/cm 2 for 100 pulses, the film shows again the ͑111͒ preferred orientation with higher intensity in its XRD pattern ͓shown in Fig. 2͑b͔͒ . This indicates that the crystallization of the film is enhanced by the laser annealing.
In addition, laser annealing also significantly increased the grain size of these films. Figure 3 shows the AFM surface morphology of PZT ͑30/70͒ films before Fig. 3͑a͒ and after Fig. 3͑b͒ laser annealing in the two-step process. Figure 4 shows the hysteresis loops of films after furnace annealing and laser annealing, respectively. After the furnace annealing, the films show hysteresis loops ͑shown in solid circles͒ with low remanent polarization ( P r ) and high coercive voltage (V c ), and the loops do not saturate well especially for higher Ti content PZT films. It can be seen in Fig.  4 that the higher the Ti content of the film, the higher the remanent polarization and the higher the coercive voltage. After laser annealing, the films show highly saturated hysteresis loops ͑shown in empty triangles in Fig. 4͒ . The P r s increase from 16.8 to 42.6 C/cm 2 for PZT͑20/80͒, 22.6 to 36. temperature. We believe that the problem is caused by the small grain size and/or unannealed lower layer of the films because of thin crystallization depth.
In summary, a novel method was developed for lowering the processing temperature of ferroelectric Pb(Zr 1Ϫx Ti x )O 3 ͑PZT͒ thin films using a laser-assisted two-step process. In the first step, the PZT films were crystallized into perovskite phase by annealing the films in a tube furnace at low temperatures ranging from 470 to 550°C depending on the Zr/Ti ratio. The second step was to laser anneal the heat-treated PZT films using KrF excimer laser at room temperature for growing the perovskite phase and enhancing microstructure and ferroelectric properties. The PZT films prepared by the two-step process were found to exhibit excellent ferroelectric properties at low temperatures. The direct laser annealing of amorphous and/or pyrochlore films ͑one-step process͒ was carried out to produce perovskite phase, but the ferroelectric properties of these films were rather unattractive, which might be attributed to easy ablation, thin absorption depth, and high perovskite formation energy of the PZT film.
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